1. Introduction {#s0005}
===============

A large amount of evidence from studies using different sensory modalities (e.g., auditory, visual and tactile) and tasks indicates that self-related information is treated as a special stimulus ([@bb0165]; [@bb0225]). For instance, in the acoustical domain a variety of sounds (i.e., musical sound or other auditory information) can be referred to the self or to other people ([@bb0210]). Accordingly, recent electrophysiological evidence demonstrated that self-generated sounds evoke a smaller brain response than externally generated ones ([@bb0230]). An important corpus of studies also demonstrated that the human voice has a critical role for identity recognition ([@bb0115]; [@bb0200]; [@bb0185]; [@bb0180]).

A relevant contribution to understand the anatomical correlates of voice identity recognition has been provided by neuropsychological studies ([@bb0250]; [@bb0255]; [@bb0260]; [@bb0175]; [@bb0120]; [@bb0100]; [@bb0035]; [@bb0125]; [@bb0170]). For instance, [@bb0260] submitted left (LBD) and right brain damaged (RBD) patients to two different tasks. In the voice discrimination task, pairs of unfamiliar voices were presented and participants were required to decide whether stimuli were the same or different. In the voice recognition task, participants were asked to recognize familiar voices. Defects in voice discrimination occurred following left or right temporal lobe lesions, whereas voice recognition was impaired following right parietal lesions. Recently, other studies reported an involvement of the right temporal lobe in voice discrimination ([@bb0170]) as well as in voice recognition ([@bb0125]). Moreover, an impairment in familiar voice recognition associated with bilateral fronto-temporal atrophy was described ([@bb0100]).

However, so far, no neuropsychological study has focused on self-voice processing. Despite the lack of studies on this issue, it might be of great interest to elucidate how self-stimuli are processed in the acoustical domain. Indeed, behavioral studies observed that healthy participants were less accurate with self- than unfamiliar voice when they were explicitly asked to decide whether or not the stimuli represented their own voice ([@bb0195]; [@bb0005]). Accordingly, neurophysiological and neuroimaging data converged in showing that self- and other people\'s voice is differently processed. In this respect, [@bb0090], [@bb0095], by recording event related potentials, found that passively listening to the self-voice evoked smaller P3a responses as compared to familiar and unfamiliar voices. Moreover, fMRI studies revealed that patterns of brain activity in specific brain regions, such as right ([@bb0105]) and left inferior frontal gyri ([@bb0005]), underlie discrimination between the sound of one\'s own vs. other people\'s voice.

In sum, neuroimaging and neuropsychological studies did not clarify the role of each hemisphere with respect to two main factors: the *type of task* (voice discrimination and voice recognition) and the *type of stimulus* (self, familiar and unfamiliar voice). For this reason, here, we investigate the neural correlates of self-voice discrimination and self-voice recognition in patients with right or left focal lesions by adopting a paradigm previously described by [@bb0040]. Healthy participants listened to paired auditory stimuli pronounced by themselves, by a familiar or unfamiliar person. Afterwards, in the voice discrimination task participants had to judge whether paired stimuli were pronounced by same or different speakers, while in the voice recognition task they had to identify if one of the paired stimuli was or was not their own voice. Participants showed a selective facilitation in discriminating rather than recognizing the self-stimuli, whereas no difference was found with others\' stimuli. These findings suggest that different mechanisms may underlie the processing of self-related stimuli when an explicit recognition is required (recognition task) or not required (discrimination task).

We hypothesize two different scenarios: if self-voice discrimination and recognition share functional mechanisms, their impairments should result from damage to a single neural network, and should be associated in patients. Conversely, if self-voice discrimination and recognition are subtended by distinct functional mechanisms, impairment of self-voice discrimination and recognition should be associated with lesions of relatively segregated brain networks, and not necessarily associated in patients. More specifically, considering the *type of task*, in line with neuropsychological findings, a deficit in voice discrimination should be found in patients with left or right hemisphere lesions ([@bb0255]; [@bb0260]; [@bb0170]). However, it should be noted that previous reports did not consider the one\'s own voice. In line with lesion studies focused on self body-parts discrimination, we put forward the hypothesis that the right hemisphere has a major role also in self-voice discrimination ([@bb0065], [@bb0070]). Regarding the recognition task, deficits for familiar voices were mainly associated to right hemisphere lesions ([@bb0250]; [@bb0255]; [@bb0260]; [@bb0160]; [@bb0100]; [@bb0125]; [@bb0170]). However, few studies that investigated the anatomical correlates of self-voice recognition, reported an involvement of right ([@bb0155]; [@bb0105]) or left frontal regions ([@bb0005]), suggesting a possible contribution of both hemispheres to self and others\' voice recognition.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

A priori statistical power analysis for sample size estimation was performed by using GPower (v. 3.1.9). The analysis suggested that about 15 participants for each group were necessary to achieve 90% power with alpha = 0.05 and effect size η^2^~p~ = 0.29 ([@bb0040]).

In line with the power analysis, thirty-two consecutive brain damaged patients were recruited at the Maugeri Clinical Scientific Institutes (Castel Goffredo, Italy), the S. Maria delle Croci Hospital (Ravenna, Italy) and the Sol et Salus Hospital (Rimini, Italy) to participate in the study. Sixteen patients were affected by right hemispheric lesion (RBD; 12 males; mean ± sd age = 69.2 ± 12 years; mean ± sd education = 8.4 ± 4.1 years) and sixteen patients were affected by left hemispheric lesion (LBD; 8 males; mean ± sd age = 64.8 ± 11 years; mean ± sd education = 8.1 ± 4.1 years). Criteria for inclusion in the study were first-ever stroke (ischemic or hemorrhagic), confirmed by either brain CT or MRI findings.

Sixteen healthy participants (Controls; 9 males, mean ± sd age = 64.9 ± 10 years; mean ± sd education = 10.5 ± 4.6 years) matched by age, education and handedness served as controls. Two one-way ANOVAs confirmed that the three groups (Controls, RBD and LBD patients) did not significantly differ in age \[F(2,45) = 1.67, *p* = 0.19\] or years of education \[F(2,45) = 0.75, *p* = 0.48\].

All participants were right handed and without auditory pathology by their own verbal report. In order to confirm that hearing was normal, all participants were preliminary submitted to a yes/no task in which they were presented with tones (pure tones: 1500 Hz, 70 dB, lasting for 150 ms) and silences. Participants had to respond only to pure tones by pressing a button on a keyboard. A total of 30 trials were delivered binaurally through earphones (50% = pure tone and 50% = silence). Admission to the study was contingent on participants obtaining 100% accuracy.

All patients were administered the Mini-Mental State Examination ([@bb0060]) to screen for a general cognitive impairment and the Token Test ([@bb0050]) to exclude deficits of comprehension ([Table 1](#t0005){ref-type="table"} for demographical and neuropsychological details).Table 1Clinical and neuropsychological data of left and right brain damaged patients according to the lesion site.LBD = left brain damaged patients; RBD = right brain damaged patients; Education and Age are indicated in years; TPL = Time post lesion (days); I = ischemic stroke, H = hemorrhagic stroke; MMSE = Mini Mental State Examination (scores are corrected for years of education and age; cut-off \> 24); Token Test = cut-off \> 26.5; na = score not available.Table 1Demographical and clinical detailsNeuropsychological ExaminationPatientAgeEducTPLAetiologyMMSETOKEN TESTLBD 171845I2736LBD 269459H2427LBD 377539I2430LBD 472828H1922LBD 564684H2432LBD 662563H2226LBD 77151825H2529LBD 87756245H3028LBD 94113382H2828LBD 105613446I3031LBD 116217208I2833LBD 12478252I2933LBD 1332131100I2630LBD 14511165H2732LBD 154611390I2827LBD 164881358I2932RBD 16981620I3030RBD 281537H/I20naRBD 3563128H2732RBD 46013164I2631RBD 566131100H2431RBD 6803744I2731RBD 783511I2834RBD 862131541I2631RBD 980779I2430RBD 10641321H26naRBD 1158822I2934RBD 1280765I2233RBD 137413442I3031RBD 144113210I2832RBD 15688208I3033RBD 163713248I2833

All participants were Italian speakers and naive to the purpose of the study. Written informed consent was obtained before taking part in the experiment. The study was approved by the local ethics committee (Department of Psychology, Bologna) and all procedures were in agreement with the [@bb9500].

2.2. Stimuli {#s0020}
------------

In a first session, human voices were recorded in a silent room by using a recorder positioned at 60 cm from the speaker\'s trunk. Vocal stimuli were Italian words and pseudowords which represented either meaningful words or meaningless analogues. Words were six disyllabic and high-frequency stimuli (in Italian: cane, foca, lupo, alce, rana, topo; in English: dog, seal, wolf, elk, frog, mouse) all belonging to the same semantic category (animals). Six pseudowords were obtained from the same words by replacing two letters (cona, faco, lusa, leca, tupi, rona). Subsequently, each vocal stimulus was digitized at 44100 Hz, 70 dB, 16 bit, stereo modality, and elaborated using a dedicated software (Cool Edit Pro software) to adjust the overall sound pressure and to balance the volume. The mean duration of each stimulus was 623.5 ms (SD = 89.5; range = 532--816 ms) and its frequencies were not manipulated.

Each stimulus could represent the participant\'s voice (A stimulus), the familiar other voice (B stimulus) or the unfamiliar other voice (C stimulus). Familiar other voice was the specific voice of a person the participant encounters every day. The unfamiliar other voice was taken from a data set of stimuli previously collected from a group of healthy participants. Familiar and unfamiliar voices were matched by gender, age and regional accent with each participant\'s voice. Self, familiar and unfamiliar voices were recorded while words and pseudowords were pronounced with a flat tone and as clearly as possible. Whenever the recorded items were not easily identifiable, the experimenter asked to repeat them until they were.

2.3. Procedure {#s0025}
--------------

Each trial started with a central fixation point (250 ms duration), followed by the sequential presentation (500 ms ISI) of a pair of vocal stimuli. The trial ended as soon as the participant responded. Inter-trial timing was fixed at 1000 msec. In each trial the two stimuli could either belong to the same person (same trials) or to different people (different trials) ([@bb0040]). Moreover, stimuli could belong to the participant (A), familiar other (B) or unfamiliar other (C). Thus, three combinations of "same" stimuli (AA, BB and CC) and three combinations of "different" stimuli (AB, AC and BC) were presented. Voices were matched by gender, age and regional accent. Finally, half trials consisted of identical stimuli (i.e. cane/cane or cona/cona), whereas the other half comprised non-identical stimuli (i.e. cane/foca or cona/faco). Presentation of each word/pseudoword was counterbalanced between "same" and "different" trials under the six combinations. Words and pseudowords were presented in two separate blocks. In each block, 4 trials for each combination of stimuli according to the voice\'s owner (AA-BB-CC-AC-AB-BC) were presented for a total of 24 trials. The presentation order, the stimuli sequence (identical and non-identical) as well as the owner factor (AA-BB-CC-AC-AB-BC) were randomized between trials, whereas the two blocks (words and pseudowords) were balanced between participants.

Participants sat in front of a PC screen at a distance of about 60 cm, and were required to press two previously assigned response keys, one for affirmative (YES) and one for negative (NO) answers. Response buttons were counterbalanced between participants. Stimuli were delivered through earphones (JVC HA-F140) and were presented binaurally. E-Prime 2.0 (Psychology Software Tool ©1996--2012) was adopted to control stimuli presentation and randomization. Key press RTs and response accuracy were recorded.

First of all, participants were instructed to ignore the linguistic content and to focus on the speaker. In the voice discrimination task, half of the participants were asked to judge whether the two voices belonged to the same person and the other half whether the two voices belonged to different person. In the voice recognition task, all participants were required to explicitly judge whether at least one of the two voices corresponded to their own voice. Additionally, no feedback on the accuracy of given responses was provided during the experiment ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Experimental trial.Example of experimental trial in which two paired voices were subsequently presented.Fig. 1

All participants performed the two tasks in one single session, with eight practice trials before the main experiment. Auditory stimuli used during the training period were not used in the subsequent experiment. To avoid an interference effect of the explicit recognition of one\'s own voice on the "same/different" task, the voice discrimination task always occurred before the voice recognition task. The whole experiment took approximately half an hour.

2.4. Statistical analyses {#s0030}
-------------------------

We compared Self and Other conditions according to the definition adopted in our previous study ([@bb0040]): in the Self trials, at least one stimulus belonged to the participant (Self condition: AA-AB-AC); in the Other trials, no stimulus belonged to the participant (Other condition: BB-CC-BC). The accuracy (% of correct responses) measured the performance.

First of all, to determine whether or not the dataset was normally distributed, we applied the Kolmogorov--Smirnov test. The lack of significant results (*p* \> 0.05) allowed us to assume that the dataset was not significantly different from a normal distribution. Furthermore, to elucidate possible differences across the three groups, we conducted an Analysis of Variance (ANOVA) on accuracy with Group (Controls, RBD and LBD patients) as between-subject factor, Task (Voice discrimination/Voice recognition task), and Owner (Self/Other condition) as within-subject factors. Post-hoc comparisons were conducted by using the Duncan Test. The magnitude of effect size was expressed by partial eta square (η^2^~p~).

3. Results {#s0035}
==========

3.1. Comparison between healthy participants, RBD and LBD patients {#s0040}
------------------------------------------------------------------

A significant effect of the Group factor was found \[F(2,45) = 8.47, *p* = 0.001, η^2^~p~ = 0.27\] which was due to lower accuracy of RBD patients (63%) compared to LBD patients (73%, *p* = 0.04) and Controls (82%, *p* = 0.001). The difference between LBD patients and controls approached significance (*p* = 0.056). The variable Task \[F(1,45) = 8.41, *p* = 0.005, η^2^~p~ = 0.16\] (Voice discrimination = 76% vs. Voice recognition = 69%) was significant. Furthermore, a significant three-way interaction Group x Owner x Task was found \[F(2,45) = 13.79, *p* = 0.001, η^2^~p~ = 0.38\].

In the ***Voice discrimination task***, as regards *Self* stimuli, RBD patients (64%) performed significantly worse than controls (84%, *p* = 0.03), whereas no difference was found between LBD patients and controls (77% vs. 84%, *p* = 0.44) as well as between RBD and LBD patients (*p* = 0.13). As regards *Other* stimuli, no significant differences across the three groups emerged (RBD = 68%; LBD = 78%; Controls = 83%; *p* = 0.09 for all comparisons). Crucially, a facilitation was found when comparing Self stimuli in both voice-discrimination and voice-recognition tasks in controls (84% vs. 72%, p = 0.05) and LBD patients (77% vs. 56%, *p* = 0.001) but not RBD patients (64% vs. 73%, *p* = 0.17).

In the ***Voice recognition task***, with *Self* stimuli, LBD patients (56%) performed significantly worse than controls (72%, p = 0.05) and RBD patients (73%; p = 0.05). Conversely with *Other* stimuli, RBD patients (47%) performed significantly worse than controls (88%; p = 0.001) and LBD patients (80%; p = 0.001). Crucially, there was no significant difference in both *Self* stimuli when comparing RBD patients and controls (*p* = 0.98; [Fig. 2](#f0010){ref-type="fig"}A) and *Other* stimuli when comparing LBD patients and controls (p = 0.44). Moreover, controls and LBD patients performed worse with *Self* than *Other* stimuli (Controls 72% vs. 88%; p = 0.03; LBD patients 56% vs. 80%; p = 0.001; [Fig. 2](#f0010){ref-type="fig"}B and C). A completely different result was found in RBD patients who performed significantly worse with *Other* than *Self* stimuli (Other = 47% vs. Self = 73%; *p* = 0.001; [Fig. 2](#f0010){ref-type="fig"}D). The variable Owner \[F(2,45) = 1.79 *p* = 0.19; η^2^~p~ = 0.04\] was not significant.Fig. 2Accuracy in voice discrimination and voice recognition tasks as a function of Ownership. The comparison of accuracy (mean percentage of correct responses) in voice discrimination and voice recognition as a function of Ownership (Self, Other) between groups (A) and within group: controls (B), LBD patients (C) and RBD patients (D) are shown. Error bars depict SEMs. Significant differences (*p* \< 0.05) between-groups (2A) and within-group (2B-D) are starred.Fig. 2

In order to look in more details at the nature of errors made by participants in the explicit recognition of self-voice, the percentage of False Alarms (FA; erroneous recognition of self-voice calculated in Other trials), and the percentage of Misses (erroneous rejection of self-voice calculated in Self trials) were compared across the three groups. An ANOVA was conducted on percentage of errors with Group (Controls, RBD and LBD patients) as between-subject factor and Error (FA and MISS) as within-subject factor. The main effect of Group was significant \[F(2,45) = 6.13, *p* = 0.004, η^2^~p~ = 0.21\] due to more errors by RBD (40%) and LBD patients (32%) than controls (20%; *p* = 0.05 for both comparisons). No difference was found between RBD and LBD patients (*p* = 0.16). Crucially, a significant interaction Group x Error was found \[F(2,45) = 14.79, *p* = 0.001, η^2^~p~ = 0.40\]. Post-hoc comparisons revealed that RBD patients made higher False Alarms than Miss rates (53% vs. 27%; p = 0.001), whereas both controls and LBD patients made higher Miss rates than False Alarms (Controls = 28% vs. 12%; *p* = 0.04; LBD Patients = 44% vs. 20%; *p* = 0.002). Interestingly, different error patterns emerged when RBD and LBD patients were compared to healthy participants. Indeed, RBD patients made higher False Alarms rates (53%) than controls (12%, *p* = 0.001) and LBD patients (20%, p = 0.001). In contrast, LBD patients (44%) made higher Miss rates than controls (28%, *p* = 0.037) and RBD patients (27%, p = 0.004; [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Analysis of errors.The mean of False alarms (FA) and Misses (MISS) expressed as a percentage of error for Controls, left brain damaged (LBD) and right brain damaged (RBD) patients. Error bars depict SEMs. Significant differences (*p* \< 0.05) are starred.Fig. 3

3.2. Control analysis: effect of time post lesion onset {#s0045}
-------------------------------------------------------

Since alterations in voice production following cerebral stroke have been described in patients ([@bb0270]), it was crucial to exclude that the observed results might be simply ascribed to the time post lesion onset. For this purpose, an Analysis of Covariance (ANCOVA) was conducted on accuracy with time post lesion (indicated as days from the lesion onset) as covariate, Group (RBD and LBD patients) as between-subject factor, and Task (Voice discrimination/Voice recognition task) and Owner (Self/Other condition) as within-subject factors.

However, no significant effect emerged either for the time post lesion factor \[F(1,29) = 0.01, *p* = 0.90\], or for its interaction with other variables (Group, Task and Owner). Instead, the three-way interaction Group x Owner x Task \[F(1,29) = 15.99, p = 0.001, η^2^~p~ = 0.36\] previously found in the main analysis was still significant. Since the time post the onset of lesion did not affect patients\' performance we can hypothesize that the observed deficits cannot be ascribed to a deficit in recognizing a voice that may have been modified post- compared to pre-lesion.

3.3. Lesion mapping and analysis {#s0050}
--------------------------------

Brain lesions were identified by Computed Tomography and Magnetic Resonance digitalized images (CT/MRI) of 13 RBD and 13 LBD patients. For each patient, the location and extent of brain damage was delineated and manually mapped onto the MNI stereotactic space with the free software MRIcro ([@bb0190]). As a first step, the MNI template was rotated to approximate the horizontal plane of the patient\'s scan. A trained rater (MC) manually mapped the lesion onto each correspondent template slice by using anatomical landmarks. Drawn lesions were then inspected by a second trained rater (FF) and, in case of disagreement, an intersection lesion map was used. Finally, lesion maps were rotated back into the standard space by applying the inverse of the transformation parameters used in the stage of adaptation to the brain scan. We calculated the lesions overlap on the ch2 template provided by MRIcro, separately for RBD and LBD patients groups, to create a color-coded overlay map of injured voxels across all patients and to provide an overview of all lesioned brain areas.

The region of maximum overlap in RBD patients\' lesion was located along two different regions: one more anterior, involving the fronto-insular areas (46, −15, 10), and one more posterior, mainly located along the temporal lobe, extending to the middle temporal gyrus (53, −68, 15; for a graphical representation [Fig. 4](#f0020){ref-type="fig"}A). The region of maximum overlap in LBD patients\' lesion was located in periventricular frontal regions (−33, 10, 25), in the insular cortices (−48, 8, 0) and involved the superior temporal (−39, −51, 23) and angular gyri (−37, −56, 30; for a graphical representation [Fig. 4](#f0020){ref-type="fig"}B). These regions were damaged in at least 3 RBD and 3 LBD patients.Fig. 4Overlays lesions plots of right and left brain damaged patients.Overlay of reconstructed lesion plots of right brain damaged (RBD) (A) and left brain damaged (LBD) patients (B) superimposed onto MNI template. The number of overlapping lesions is illustrated by different colours coding from violet (*n* = 1) to light green (*n* = 7).Fig. 4

We applied a voxel-wise statistical approach to assess the contribution of lesion location to the selective impairment in discrimination and recognition of self and other\'s voice. We performed a Voxel-based lesion symptom mapping analysis (VLSM; [@bb0025]; [@bb0265]) which compares behavioral scores between patients having or not a lesion in a particular voxel. The VLSM analysis was performed on the percentage of accuracy for each condition (self and other\'s voice) separately for voice discrimination and voice recognition tasks. In order to control for "sufficient lesion affection" and to avoid that the results of lesion-behaviour mapping were biased by voxels that are only rarely affected, we defined a minimum number of patients (in our study at least five cases were considered) with a lesion in a particular voxel ([@bb0220]). The behavioral scores were then compared between these two groups, yielding a t-statistic for each voxel. We adopted the *t*-test to perform statistical comparisons, as implemented in NPM (Non Parametric Mapping) and MRIcron software. The tests were performed using a permutation-derived correction in order to avoid producing inflated Z scores and to correct multiple comparisons without sacrificing statistical power (permFWE; [@bb0110]; [@bb0135]). To determine whether an observed test statistic is truly due to the difference in voxel status (lesioned or non-lesioned), the data were permuted 3000 times, calculating each permutation in a new test statistic. The distribution of those t-statistics was used to determine the cut-off score at *p* \< 0.05. Then, brain regions that showed significant relationships with behavioral deficits were identified. In the statistical analysis described below, the anatomical distribution of the statistical results was assessed using the Automated Anatomical Labelling map (template AAL; [@bb0240]), which classifies the anatomical distribution of digital images in stereotactic space. The mapping of voice discrimination revealed a peak located in the right gray matter in the posterior insular cortex significantly associated with self-voice discrimination deficit (38, −25, 18). Conversely, no significant cluster associated with performance in other\'s voice discrimination emerged ([Fig. 5](#f0025){ref-type="fig"}A). The mapping of voice recognition revealed distinct anatomical clusters for self and other\'s voice. Indeed, the self-voice recognition deficit was associated with a lesion of the left temporo-parietal white matter, adjacent to the angular gyrus (−34, −50, 23; [Fig. 5](#f0025){ref-type="fig"}B). On the other hand, the other\'s voice recognition deficit was significantly associated with right hemisphere lesion, specifically located in the periventricular frontal (32, 20, 17), insular (34, 3, 17) and middle temporal regions (35, −63, 13; [Fig. 5](#f0025){ref-type="fig"}C).Fig. 5Representative slices showing the anatomical correlates of voice discrimination and voice recognition.Brain regions significantly associated to self-voice discrimination (A), self-voice recognition (B) and other\'s voice recognition (C) are represented on the axial, coronal (from left to right) and sagittal plan. All voxels which survived to the permutation correction are displayed (*p* \< 0.05).Fig. 5

In addition, to reveal the brain lesion associated with a deficit in voice-identity processing, we conducted a further VLSM analysis on overall patients\' performance expressed as percentage of accuracy (composite score of voice discrimination and voice recognition regardless of Self and Other conditions; see Supplementary Material).

4. Discussion {#s0055}
=============

In this study, we investigated the anatomical bases of discrimination and recognition of pre-recorded self and other voice in RBD, LBD patients and in a group of age-matched neurologically healthy participants. Different patterns of results emerged in the two tasks adopted. In the **voice discrimination task**, a difference *across* the three groups was observed when the participant\'s voice was present: RBD patients, but not LBD patients, showed a selective impairment compared to Controls. Instead, no difference across groups emerged with other people\'s voice. Moreover, *within* each group no difference between self and others\' voice emerged.

In the **voice recognition task**, significant differences emerged both *within* and *across* the three groups. First, considering *within* groups performance, healthy participants as well as LBD patients were less accurate in recognizing self than others\' voice. The opposite direction was found in RBD patients whose performance was worse with others\' than self-voice. The lower accuracy for the self than others\' voice observed in healthy controls and LBD patients is in line with previous results on young healthy participants reported by our group ([@bb0040]). This effect can be explained by the discrepancy between our own recorded voice and how we subjectively perceive and memorize our own voice. Since conduction through air and bones modifies voice characteristics during speech production ([@bb0130]), one may argue that participants did not recognize a recorded vocal stimulus as their own voice because it was not heard as usual and it did not match the voice-stimulus stored in memory. Indeed, it was demonstrated that filtering or manipulating one\'s own voice frequencies will improve self-voice recognition ([@bb0215]; [@bb0275]). Second, considering *across* groups differences, lesions in the left and right hemisphere caused selective deficits affecting self-voice and others\' voice, compared to controls: LBD patients exhibited a self-disadvantage effect, while RBD patients exhibited an other-disadvantage effect. Looking more deeply at the type of errors made by participants, we found a significant difference between the three groups: LBD patients rejected their own voice when it was present and therefore committed more misses than controls and RBD patients; instead RBD patients more frequently misattributed the other\'s voice to themselves when their own voice was not present and therefore committed more false alarms compared to controls and LBD patients. A similar dichotomy is also described in neurological patients with body-representation disorders. Indeed, they exhibit two types of deficits: either a disownership of their own body-parts ([@bb0245]; [@bb0045]; [@bb0150]) or a tendency to claim that an alien hand is their own, showing the so called pathological embodiment of other\'s hand ([@bb0085]). The term embodiment is typically referred to the tendency observed in brain damaged patients to identify the examiner\'s hand as their own when it is located in their contralesional side according to an egocentric body congruent perspective ([@bb0080], [@bb0085]). Here, we used the term embodiment to indicate the tendency to attribute the other\'s voice to themselves even if we did not manipulate the spatial configuration of the voice. Thus, in accordance with the definition of "embodiment", further studies will verify whether "the properties of an alien *voice* are processed in the same way as the properties of the *one\'s voice*" ([@bb0055]).

Taken together, evidence on voice and body-part recognition suggests that impaired corporeal self-representation might impact our ability to explicitly distinguish between self and other in two different ways: some patients deny the ownership of their own voice or body-parts, while some patients misattribute the other\'s voice or body-parts to themselves. On this basis, we may speculate that the self/other distinction is represented along a horizontal line in which "self" and "other" are located at opposite edges. Consequently, in order to recognize a voice as our own voice, our judgment can be erroneous in opposite ways: we can refuse the self-stimuli as our own voice (voice disownership), or we can misidentify the other-stimuli as our own voice (embodiment of other\'s voice). These opposite biases seem to reflect different impairments in the self/other distinction both at the behavioral and anatomical level (see [Fig. 6](#f0030){ref-type="fig"}).Fig. 6A representation of self-other voice recognition in Controls, left brain damaged (LBD) and right brain damaged (RBD) patients.The figure shows three different scenarios (in Controls, LBD and RBD patients, respectively) in which Self and Other are located at two opposite edges and the double-headed arrow indicates their horizontal continuum. The dot line represents the boundary between self and other. The hypothetical boundary between self and other should be the midpoint of the line in case of equal FA % (erroneous recognition of self-voice) and MISS % (erroneous rejection of self-voice). The deviation with respect to the real midpoint corresponds to the difference between the percentage of FA and MISS rates. A) The green dot line indicates the self/other boundary in Controls (FA minus MISS = −16%). B) The red dot line represents the tendency to deny the ownership of one\'s own voice (voice disownership) following a left hemisphere lesion (FA minus MISS = −24%). C) The red dot line represents the tendency to misattribute the other\'s voice to themselves (others\' voice embodiment), observed following a right hemisphere lesion (FA minus MISS = 26%). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 6

Anatomically, the pathological tendency to refuse the presented voice as one\'s own (*voice disownership*) was associated with a lesion encompassing the left hemisphere and involving a subcortical temporo-parietal area. In this respect, neuroimaging evidence provides support for the involvement of a left cerebral network in the attribution of self-related acoustic information. For instance, a study conducted with schizophrenic patients reported a similar misattribution of self-generated speech to an alien source. This misidentification was associated with functional abnormalities in the left temporal cortex and the anterior cingulate bilaterally ([@bb0010]). We must recognize, however, that anatomical data in LBD patients should be taken with caution since patients with aphasia following lesions involving language areas in the left frontal and temporal lobes could not be able to take part in the current study. Indeed, one of the criteria for inclusion was the absence of deficits in language comprehension. Moreover, a preserved speech production ability was required to record participants\' voice. In order to overcome this limitation, future studies should investigate the contribution of left frontal and temporal regions in self/other voice recognition adopting a different paradigm and/or type of stimuli. Interestingly, we found that the pathological tendency to erroneously attribute the other voice to themselves (*embodiment of other\'s voice*) was associated with a cortical network within the right hemisphere, extending to insular, frontal, and temporal cortex. The involvement of these regions in voice identity recognition is well supported by previous studies. In a PET study, greater activity was observed in the right parainsular cortex when healthy participants were asked to recognize their own voice from unfamiliar voices ([@bb0155]). Furthermore, in a fMRI study, [@bb0105] demonstrated that seeing our own face and hearing our own voice mainly activated a right frontal area, suggesting that this region is crucial to build a "self-representation" across different sensory modalities. Concerning the involvement of temporal areas in voice identity recognition, mounting evidence has demonstrated that temporal regions mainly process the auditory properties of voices in order to categorize vocal identity ([@bb0030]; [@bb0115]; [@bb0015]; [@bb0075]). Furthermore, impaired performance in self and other\'s voice recognition, but not in voice discrimination, was associated with damage to white matter tracts linking subcortical structures with cortical associative areas. Although very tentative, a possible explanation could be that, to properly attribute voices to the self or to other people, acoustical sensory information is integrated with higher-order self-representation, a process which is prevented in our right and left brain damaged patients because the white matter was not intact. Finally, a facilitation for discrimination compared to recognition of Self-stimuli was found both in Controls and LBD patients, but not in RBD patients. Crucially, this facilitation was not observed for Other stimuli suggesting that it was not simply driven by unbalanced levels of difficulty between these two tasks. Anatomically, the impairment in self-voice discrimination is significantly associated with a right insular damage. This evidence is in line with several previous studies which identify in the right insular cortex a key region for the sense of body ownership ([@bb0235]; [@bb0020]; [@bb0205]). Going further, the facilitation for self-stimuli discrimination leads us to hypothesize that self-voice is processed differently depending on whether or not explicit recognition is required. Indeed, voice discrimination, in which there was no explicit request to identify *who* the stimuli belong to, can be considered as a reliable proxy for the implicit recognition of one\'s own voice.

The above discussed differences between RBD and LBD patients compared to healthy participants in performing voice discrimination and voice recognition tasks have demonstrated that implicit and explicit self-voice knowledge may be selectively impaired following brain lesions. So far, neuropsychological evidence supported the distinction between implicit and explicit processing of stimuli. In line with our findings, some studies reported a crucial involvement of different brain areas in the right hemisphere for implicit and explicit self-body processing ([@bb0145]; [@bb0140]; [@bb0045]). On the other hand, the involvement of the left hemisphere in explicit self-body recognition is in line with findings reported by [@bb0085]. The authors described impairment in explicit recognition of the one\'s own body not only in right, but also in one left brain damaged patient. Thus, these studies reinforced the idea that implicit and explicit processing are likely subtended by distinct anatomical networks.

In conclusion, these findings extend our previous results ([@bb0040]) highlighting different and complementary contributions of both hemispheres to self/other voice recognition. Distinct areas of the right hemisphere are crucial for implicitly recognizing our own voice and explicitly rejecting the voice of others as if it was our own. Furthermore, in the explicit self-voice recognition the left hemisphere plays a complementary role in properly attributing our own voice to ourselves. Accordingly, the impairment of the explicit recognition of self-voice could result from different mechanisms. While RBD patients failed because they tended to the embodiment of others\' voice, LBD patients denied the attribution of their own voice to themselves and thus exhibited voice disownership. Overall, the finding of selective brain networks dedicated to processing one\'s own voice demonstrates the relevance of self-related acoustic information in bodily self-representation.
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